Mesoporous silica nanoscale microsphere (MSNM), with a special morphology, high porosity, large pore volume and specific surface area, was successfully prepared and used as the matrix material of lauric acid (LA) to prepare a favorable shape-stabilized phase change material (LA/MSnM). the porous network structure of MSNM is effective to prevent the leakage and enhance the thermal stability of LA/MSNM. For comparison, shape-stabilized phase change material of LA/AC, which contained commercially purchased active carbon (AC) and LA, was prepared by the same method. Characterizations of LA/MSNM and LA/AC, such as chemical properties, structure, thermal properties and crystallization properties were studied. the mechanisms of interaction between LA molecules and MSnM or Ac were explicated. the results of tGA test showed that the LA/MSnM and LA/Ac had superior thermal stability, and however, the melting and solidification enthalpies of LA/MSNM were much higher than that of LA/AC, which was attributed that the loading capacity of MSNM was better than that of LA/Ac. All of the study results demonstrated that the mesoporous silica nanoscale microspheres of MSnM synthesized in this study possessed the potential for practical applications as a suitable supporter of organic phase change materials.
undercooling, good thermal and chemical stability, non-toxic, non-corrosive and so on 13 . These advantages make it outstanding in energy storage applications. In addition, fatty acids are rich in sources and are easy to extract 14 from vegetable oils and fats. However, when the fatty acid is directly used as the phase change material (PCM), it still has some shortcomings: liquid leakage is easy to occur in solid-liquid phase change process; low thermal conductivity limits the thermal conduction of composite PCMs.
In order to solve the above two problems, porous materials, such as porous silica, porous carbon materials, porous metal oxides and so on, are introduced into PCMs to prepare shape-stabilized PCMs 15 . Chen et al. utilized lauric acid and activated carbon to synthesize composite PCMs 16 . Their experimental results demonstrated that the composite PCM could prevent the leakage of molten lauric acid. Mehrali et al. prepared stearic acid/carbon nanosphere PCMs at 35 °C. The thermal conductivity of the shape-stabilized PCM was increased by about 105% than that of the pure stearic acid 17 . However, when the porous material is used to synthesize shape-stabilized PCM, its pore size will affect the phase change behavior of the organic PCM. If the average pore size is too small, the molecular motion of the organic PCM will be held back, which will affect their capacity of latent heat storage 18 . Contrarily, if the pore size is too large, there will not be enough capillary force to retain the liquid PCM, which will lead to leakage 19 . In the research of Tian et al., polyethylene glycols (PEG) were embedded in silica gels (SG). They found that PEG/SG composites exhibited thermal properties correlated with the pore size of SG 20 . Mesoporous silica, as the matrix material of shape-stabilized PCMs, can avoid the leakage of organic PCMs in the phase change process, and improve their thermal conductivity. More importantly, the high porosity of mesoporous materials can increase the loading amount of organic PCMs and then the phase change enthalpy of shape-stabilized PCMs could be improved. Qian et al. prepared mesoporous silica by simple self-assembly method, and then utilized it as the carrier of polyethylene glycol to prepare shape-stabilized PCM 19 . Kadoono et al. utilized silicon-based molecular sieves (SBA-15) with nano-ordered pore structures as the containers for stabilizing fatty acids, and the ordered pore structures could increase the heat recovery rate during the phase change process 21 . Zhang et al. prepared graphene-based mesoporous silicon sheet (GS) as a new mesoporous material for the adsorption of polyethylene glycol to synthesize a new type of phase change composite material, and the problems of leakage and low conductivity were solved by GS, and there was no phase separation in the phase change process 22 .
In this study, mesoporous silica nanoscale microsphere (MSNM) was synthesized. It has the merits of high porosity, large specific surface area, large mechanical strength and good thermal stability. And then, the MSNM was used as the matrix material of organic lauric acid to prepare shape-stabilized PCM (LA/MSNM). For comparison, shape-stabilized PCM of LA/AC, which contained lauric acid and commercially purchased active carbon (AC), was prepared by the same method. The characterizations of LA/MSNM and LA/AC composite shape-stabilized PCM were studied, and the results manifested that the thermal properties of LA/MSNM were better than that of LA/AC, and the MSNM could be used as a potential supporter of organic PCM in the practical application of thermal energy storage. experimental Materials. Triblock poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) copolymer (P123) and mesitylene were obtained from Sigma-Aldrich. Tetraethyl-orthosilicate (TEOS) was purchased from Changzhou Wuhuan Synthetic Materials Co., Ltd. Hydrochloride was purchased from Sinopharm Chemical Reagent Co., LTD (Shanghai, China). Ethanol was purchased from Tianjin Jiangtian Chemical Technology Co., Ltd. Lauric acid (LA) and activated carbon (AC) were obtained from Meryer Chemical Technology Co., Ltd., China.
Synthesis of MSnM.
MSNM was synthesized according to the method that Jun et al. reported 23 . The specific steps were as follows: P123 (4.0 g) was firstly added into the beaker, and then hydrochloric acid (150 mL 1.6 M) was added. The mixture above was kept at 20 (°C) in constant temperature water bath and was stirred for 3 (h), and then mesitylene (2.0 g) was put into it, continuing stirring for 5 (h), until the formation of emulsion. After that the bath temperature was raised to 40 (°C), and then TEOS (9.1 mL) was added with rapidly stirring, and then the solution was stirred for 20 (h). After the reaction was completed, the reaction solution was transferred into a hydrothermal reactor with PTFE lining, and crystallized at 100 (°C) for 24 (h). After crystallization, the suspension was centrifuged and washed with distilled water for three times, and then it was dried at 50 (°C) for 12 (h) 24 . After drying, the product was baked at 500 (°C) for 6 (h) in a muffle furnace at the heating rate of 1 (°C/ min). Finally, the mesoporous silica nanoscale microspheres (MSNM) was obtained. Figure 1 shows the schematic diagram of LA/AC and LA/MSNM synthesization.
Synthesis of LA/MSnM.
The LA/MSNM was prepared by physical blending and impregnation method. The typical preparation process was as follows: firstly, a certain amount of LA was dissolved in 15 (mL) ethanol. 0.5 (g) MSNM was then added into the solution and stirred for 4 (h). Finally, LA/MSNM composite PCMs were prepared by drying the mixed liquor at 40 (°C) for 48 (h). For comparison, LA/AC composite PCMs were synthesized by the same method with commercially purchased active carbon (AC) as the carrier and lauric acid as the core material. In order to test the maximum loading amount of LA in the shape-stabilized PCMs, the LA/MSNM and LA/AC composites with LA content of 40 wt%, 50 wt% and 60 wt% were prepared respectively, and then the composites were maintained at 55 (°C) to tests their stability. It was found that there was no leakage observed for 60 wt% LA/MSNM and 50 wt% LA/AC. Thus, the 60 wt% LA/MSNM and 50 wt% LA/AC were mainly studied in this paper. characterization of LA composite shape-stabilized pcM. The microstructure and morphology were analyzed by S-4800 scanning electron microscope (SEM). The microstructure of MSNM was studied by transmission electron microscopy (TEM) of JEM-2100F, Japan. N 2 adsorption/desorption isotherms of mesoporous matrix materials (AC, MSNM) were measured by ASAP 2020 physical adsorption apparatus. The infrared absorption spectra (FT-IR) of the raw materials and the composite PCMs were measured by Nicolet 6700 Fourier transform infrared spectrometer. The crystal structure of the composite PCMs were analyzed by D/MAX-2500 X-ray diffractometer. The phase change temperature and latent heat of LA and LA composite PCMs were measured by DSC200F3 Netzsch differential scanning calorimeter, Germany. The samples were heated and cooled at a temperature of 0~100 (°C) in a high purity atmosphere at the rate of 10 (°C/min). The thermogravimetric analysis of pure LA and the composite PCMs was carried out under protection of nitrogen atmosphere with STA-449F3 Netzsch thermogravimetric analyzer, Germany, and the temperature rising range was 10~550 (°C), and the heating rate was 10 (°C/min).
Results and Discussion
Microstructure of MSnM and Ac. Figure 2(a,b) show the SEM and TEM images of MSNM, respectively. Figure 2 (a) shows that MSNM was composed of many nanoscale spherical particles, which were bound together to form micron-sized particles with secondary structure. From Fig. 2(b) , it is clear that MSNM presented a spherical structure, and the channel curvature had outward exposure. Figure 2 (c,d) are the SEM images of LA/MSNM composite PCMs. From the images, LA was firmly adsorbed into the porous network structure of MSNM, which was due to the action of surface tension and capillary force between the LA molecules and MSNM. In addition, due to the support of MSNM network skeleton, the liquid leakage problem of LA/MSNM was effectively overcome in the phase change process. Figure 3 (a,b) are the SEM images of AC, and Fig. 3(c,d) are the SEM images of LA/AC composite PCMs. It could be observed that activated carbon had a rough surface and many carbon particles. From the SEM images of LA/AC, it could be observed that a large amount of LA was firmly adsorbed on the surface of AC, and the AC played the role of encapsulation and solved the problem of liquid leakage of the pure LA in the phase change process. n 2 adsorption-desorption. The adsorption/desorption isotherms of MSNM and AC are shown in Fig. 4 .
The adsorption equilibrium isotherms of MSNM and AC were typical type VI isotherms with H2 hysteresis loops, which were consistent with their mesoporous structures 25, 26 . The BET specific surface area of MSNM was 690.7 (m 2 /g), and the BJH adsorption cumulative pore volume and pore diameter were 1.97 (cm 3 /g) and 10.3 (nm) respectively. The BET specific surface area of AC was 1358.2 (m 2 /g), and the BJH adsorption cumulative pore volume and pore diameter were 0.556 (cm 3 /g) and 3.20 (nm), respectively. Compared with AC, MSNM had a larger pore size and pore volume, which could be conducive to the smooth entry of LA molecules into the internal channels of MSNM, and also could improve the adsorption rate of LA by MSNM 27 . ft-iR analysis. Figure 5 shows the infrared spectra of pure LA, MSNM, LA/MSNM composites, AC and LA/ AC composites. The absorption peaks of pure LA at 2926 (cm 11 ) and 2844 (cm −1 ) were caused by the asymmetrical and symmetrical stretching vibrations of -CH 2 , respectively 28 . The peaks at 1701 (cm −1 ) and 1480 (cm −1 ) belonged to the C=O stretching vibration 29 . In MSNM spectrum, the asymmetric vibration peak of -OH and the bending vibration peak of H-O-H were at 3453 (cm −1 ) and 1640 (cm −1 ) respectively 30 . The peak at 1090 (cm −1 ) was caused by the asymmetric stretching vibration of Si-O-Si skeleton 31, 32 . The peaks at 806 (cm −1 ) and 457 (cm −1 ) were attributed to Si-O bond stretching vibration and tetrahedral Si-O bending vibration 12, 30 . In the www.nature.com/scientificreports www.nature.com/scientificreports/ spectrum of LA/AC, two characteristic peaks at 3453 (cm −1 ) and 1640 (cm −1 ) were observed because of the vibration of -OH. In addition, in the spectrum of LA/MSNM, the absorption peaks at 2926 (cm −1 ) and 2844 (cm −1 ) were ascribed to the stretching vibration of the C-H, and the absorption peak at 1701 (cm −1 ) was ascribed to the stretching vibration of C=O. Compared with the infrared spectra of LA, MSNM, LA/MSNM, AC and LA/AC, the infrared spectra of LA/MSNM and LA/AC composite PCMs were basically superimposed by the characteristic peaks of each component without new characteristic absorption peaks. It was proved that the interaction between the LA and the matrix of MSNM or AC was physical chimerism, and the chemical structure of the phase change components did not change 33 . Figure 6 is the X-ray diffraction patterns of pure LA, MSNM, AC, LA/AC and LA/MSNM composite PCMs. It can be seen from the X-ray diffraction patterns that pure LA had characteristic diffraction peaks at 21.7° and 23.8°, and the peak intensity was very high, indicating that it had good crystallization performance 34 . The MSNM diffraction pattern was dispersive, indicating that it was not crystal structure 35 . In addition, by observing the diffraction patterns of LA/MSNM, it is observed that the peak position of the characteristic diffraction peaks of the composites was roughly the same as that of the pure LA, which indicated that the crystalline morphology of LA in the composites had not changed. However, the peak strength of the XRD pattern for LA/MSNM decreased to a certain extent, which suggested that the crystalline properties of the composites were reduced due to the binding of inorganic matrix materials 35, 36 . In addition, after the formation of LA/AC composites, the diffraction pattern of LA/AC were similar to that of LA, indicating that the polymer structure had not changed, but the absorption intensity had obviously changed. This was because LA was restricted by AC and its crystallization property declined, resulting in the decrease of the intensity of the crystalline diffraction peaks. thermal properties of LA/MSnM and LA/Ac. Figure 7 shows the DSC curves of pure LA and LA/ MSNM composite PCMs with different LA contents. Table 1 shows the phase transition temperature and phase change enthalpy data of the samples. From Fig. 7 , it could be seen that with the increase of LA content, the phase change enthalpy corresponding to LA/MSNM also increased, and the phase change temperature and the peak www.nature.com/scientificreports www.nature.com/scientificreports/ temperature changed slightly. With the increase of LA content, the phase change enthalpy corresponding to LA/ MSNM also increased because the latent heat of the composite materials was induced by the phase change of lauric acid. Besides, the changes of phase change temperature and peak temperature were attributed to that the properties of heat storage particles were different from those in their accumulation state caused by surface tension 37 . In addition, it can be seen from Fig. 7 and Table 1 that there was an endothermic peak (T = 47.2 °C) during the heating process, an exothermic peak (T = 37.8 °C) in the cooling process, and the melting and solidification enthalpies of pure lauric acid were 174.7 (J/g) and 187.5 (J/g). The melting and solidification enthalpies of 60 wt% LA/MSNM composite PCM were 57.2 (J/g) and 58.8 (J/g), respectively, which were less than their theoretical enthalpy values, and this was mainly due to the interference of mesoporous materials on the crystallinity of lauric acid, which could be confirmed by XRD test results. And when the content of lauric acid decreased, the effect on the crystallinity of LA molecules was more significant, which led to the lower enthalpy of phase transition in composite phase transformation process. When the content of lauric acid decreased to a certain level (for example, 40 wt% LA/MSNM), the crystallization of lauric acid was completely limited, and the enthalpy of phase transformation of the composites was zero 36, 38 . For comparison, differential thermal analysis of LA/AC composites www.nature.com/scientificreports www.nature.com/scientificreports/ was also carried out, and the matrix of AC was commercially purchased. The results are exhibited in Fig. 8 and Table 1 . It could be seen from Fig. 8 that the peak area of 50 wt% LA/AC was much smaller than that of pure LA. In addition, the melting and solidification enthalpies of 50 wt% LA/AC were 13.4 (J/g) and 10.0 (J/g), respectively, which were much smaller than the theoretical values. The capillary effect of carbon nanochannels and van der waals force restrained the crystallization behavior of core materials, resulting in the decrease of LA crystallinity and phase transition enthalpy 39 .
XRD analysis.
Additionally, the melting and solidification enthalpies of LA/MSNM composite PCM were higher than that of the LA/AC composite PCM. Because the pore size of MSNM is larger than that of AC, not only the loading amount of LA on MSNM could be increased, but also the crystallization behavior of LA molecular in PCMs could be improved. Therefore, the enthalpy of LA/MSNM was higher than that of LA/AC. Figure 9 shows the TGA thermograms of the pure LA, 60 wt% LA/MSNM and 50 wt% LA/AC from 0 to 600 (°C). It could be seen from the figure that the initial weight loss temperature of pure LA was about 120 (°C), and the temperature range from 130 to 230 (°C) was its main weightlessness interval, which was attributed to the pyrolysis of LA, and the weight loss rate of LA at 230 (°C) was 95.61%. The LA/MSNM PCMs exhibited slight weight loss below 140 (°C), which was due to the desorption of adsorbed water from the physical force at high temperature. The weight loss interval of LA/MSNM was in the range of 140~250 (°C). The results revealed that the initial weight loss temperature of LA in the composite materials moved afterwards by about 10 (°C), and the weight loss interval was also prolonged, indicating that MSNM hindered the pyrolysis of LA. LA in the 60 wt% LA/MSNM was pyrolyzed completely at about 510 (°C), and the weight loss rate was 58.19%, which was almost consistent with that of 60% in the preparation experiment. The remaining part might be some high temperature resistant impurities. For comparison, the thermal stability of LA/AC prepared with commercially purchased activated carbon as the supporter of LA were tested and analyzed under the same experimental conditions. According to Fig. 9 , there was only one weight loss step on the TGA curve of 50% LA/AC composite, and it had no thermal decomposition reaction and no obvious mass loss below 143 (°C), which indicated that 50% LA/AC had good thermal stability below 143 (°C). However, when the temperature reached 143 (°C), the decomposition reaction of LA components in 50% LA/AC began to take place until the decomposition reaction was almost over at about 520 (°C), and the residual mass fraction was 50.97%. Compared with pure LA, the weightlessness temperature of the two shape-stabilized PCMs was higher and the weightlessness area was wider, which illustrated that LA/MSNM and LA/AC composite materials had excellent thermal stability 40 . was compared with other shape-stabilized PCMs also developed by physical adsorption through compounding LA with supporting materials, and the results are exhibited in Table 2 . It was clear that the thermal storage capacity of LA/MSNM was competitive and favorable, though the melting and solidification enthalpies of LA/MSNM were not the highest. Besides, LA/MSNM had superior thermal stability and reliability, and the synthetic method of the LA/MSNM possessed the advantage of easy operation. Consequently, LA/MSNM possessed high potential in practical applications for thermal energy storage.
conclusion
In this research, mesoporous silica nanoscale microspheres (MSNM) was prepared and applied as the supporter of lauric acid (LA) for developing a favorable shape-stabilized PCM (LA/MSNM), and the LA/MSNM was synthesized by a vacuum impregnation method that was simple to operate. On the basis of the research results of characterization tests, the MSNM had high porosity and large surface area, which were beneficial to avoid the leakage of PCM, and its loading capacity for LA was higher than that of the commercially purchased activated carbon. The thermal stability study results demonstrated that the enthalpy of LA/MSNM was higher than that of LA/AC prepared with commercially purchased activated carbon as the supporter of LA. Therefore, LA/MSNM possessed great potential in the practical application of thermal energy storage.
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